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A novel reaction of gaseous acylium ions: ketalization with diols and analogs, has been
systematically studied via pentaquadrupole MS2 and MS3 experiments and ab initio calcula-
tions. A variety of a,b-diols and their amino, thiol, ether, and thioether analogs have been
tested for reactivity, mechanism evaluation, site selectivity, and for the effects of a- and
b-interfunctional separation. As for condensed-phase ketalization of neutral carbonyl com-
pounds followed by hydrolysis, gaseous acylium ions are chemically deactivated in the form
of cyclic ionic ketals by ketalization, and are efficiently released via on-line collision-induced
dissociation. Ketalization of acylium ions is shown to identify and structurally characterize
a,b-diols and their analogs, and to distinguish regioisomers. Diastereomers can also be
distinguished, as illustrated for cis and trans 1,2-diaminocyclohexane. The MS2 and MS3 data
together with 18O-labeling and ab initio calculations establish for acylium ion ketalization a
mechanism of anchimeric assistance with participation of the neighboring acyl group. (J Am
Soc Mass Spectrom 2001, 12, 150–162) © 2001 American Society for Mass Spectrometry
Ketalization (and the related acetalization) [1], aclassical reaction of widespread use, occurswhen carbonyl compounds condense with alco-
hols and diols, and with their sulfur and nitrogen
analogs. Ketalization is a vital step in many synthetic
routes; to allow access to other less reactive sites in
multifunctional molecules, either carbonyl or cis-diol
groups are protected (chemically deactivated) via ket-
alization. The reaction is normally performed with
a,b-diols or analogs so as to form cyclic ketals that are
more stable and more resistant to acid or basic hydro-
lysis. Ketalization is, however, reversible; hence when
desirable, the carbonyl or the diol group can be re-
formed to regain its reactivity.
Carbonyl compounds display a rich reactivity that
has been used extensively and beneficially in many key
reactions in solution [2]. In the family of condensed [3]
and gas-phase ions [4], the related acylium ions (R–
C1¢O) are just as important and diversely reactive as
carbonyl compounds. In the gas phase, acylium ions are
formed via ionization-induced dissociation of a variety
of compounds, mainly carbonyl compounds, or partic-
ipate as intermediates and final products in dissociation
pathways of many gaseous ions [4]. Acylium ions are
very stable in the solvent-free diluted gas-phase envi-
ronment, but when in contact with neutral molecules,
they often react promptly and diversily [5–9].
Gaseous acylium ions tend to react similarly to
carbonyl compounds. For instance: they react readily-
with nucleophiles [6]; with 1,3-dienes they undergo
polar [4 1 21] cycloadditon across the C¢O bond [7];
and with cyclic acetals and ketals they react promptly
by transacetalization [8]. Recently [9], we briefly re-
ported on a novel reaction of gaseous acylium ions that
also resembles that of neutral carbonyl compounds:
ketalization with a,b-diols and analogs. We now report
on a systematic, extended experimental and theoretical
study of this novel acylium ion reaction, in which we
investigate site selectivities and the effects of a- and
b-interfunctional separation, the reaction mechanism,
and the use of acylium ion ketalization for structural
analysis of the neutral and ionic reactants.
Methods
The gaseous ions were produced, reacted, and their
products analyzed via double-(MS2) and triple-stage
(MS3) mass spectrometric experiments [10] performed
with an Extrel (Pittsburgh, PA) pentaquadrupole
(Q1q2Q3q4Q5) mass spectrometer [11]. The reactant ions
were formed by 70 eV electron ionization (EI)-induced
dissociation of appropriate precursors: 1 (tetramethylu-
rea) [8a, b], 2 (acetylacetone) [7a], 2* (acetone-18O)
cogenerated with nearly 7% of CH2¢C¢
18OH1 [7a], 3
(methyl vinyl ketone), 4 (methyl phenyl ketone), 5
(ethoxycarbonyl isocyanate) [12], 6 (49-nitroacetophe-
none) [8d], 7 (a-methylene-g-butyrolactone) [13], and 8
(tetramethylthiourea) [8a]. For the MS2 ion/molecule
reactions, Q1 was used to mass select the ion of interest
for further reactions in q2 with a selected neutral
reagent. Ion translational energies were set to near zero
eV as calibrated by the m/z 39:41 ratio in neutral
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ethylene/ionized ethylene reactions [14]. Product ion
mass spectra were acquired by scanning Q5, while
operating Q3 and q4 in the broadband rf-only mode.
Multiple collision conditions were used in q2, as indi-
cated by typical beam attenuations of 50%–70%, which
increases reaction yields and promotes collisional
quenching of both the reactant and product ions [10b].
For the MS3 experiments [10], a q2-product ion of
interest was mass selected by Q3 for further 15 eV
collision-induced dissociation (CID) with argon in q4,
while scanning Q5 to record the mass spectrum. The 15
eV collision energies were taken as the voltage differ-
ences between the ion source and the collision quadru-
poles. The indicated pressures in each differentially
pumped region were typically 2 3 1026 (ion source),
8 3 1026 (q2), and 8 3 1025 (q4) torr, respectively.
For the 3D scan, a prescan procedure [11] was used
to identify the ions transmitted by Q3 so as to speed
spectrum acquisition. Then Q3 was set at, and stepped
within, these preselected masses one at a time while
scanning Q5 along the entire mass range of interest at
each setting of Q3. For more details on the 3D scan
acquisition, see [11].
The total and zero-point vibrational energies (ZPE,
scaled by 0.89) of optimized geometries using no sym-
metry constraints were obtained by ab initio calcula-
tions at the HF/6-311G(d,p) level of theory [15] run on
Gaussian98 [16]. Improved energies were obtained by
single point calculations at the MP2/6-311G(d,p) level.
Transition states were characterized by a single imagi-
nary frequency, and vibrational frequency analyses
were performed to verify their connection to the appro-
priate species. The final energies (in hartrees) are pro-
vided in the captions to Figures 8 and 9, and details of
the optimized structures are available from the authors
upon request.
Results and Discussion
To compare the reactivity of diols and their analogs,
(CH3)2N–C
1¢O (1) was selected as a reference acylium
ion. This ion shows reduced acidity and high transac-
etalization [8] and ketalization reactivity [9]. Table 1
collects the main products and relative yields for reac-
tions of 1 with diols and analogs, whereas full product
ion mass spectra of some illustrative examples are
shown as figures.
a-Diols and Analogs
HO–CH2CH2–OH. With this prototype a-diol, 1 reacts
readily by ketalization to form m/z 116 (Figure 1a).
Ketalization with HO–CH2CH2–OH may proceed via
two alternative pathways (Scheme 1, X 5 O). The first
pathway (i) proceeds by a mechanism that resembles
the conventional mechanism of carbonyl compound
ketalization in which water is released after HO acyla-
tion and intramolecular proton transfer to the carbonyl
oxygen. The second pathway (ii) proceeds via a unique
mechanism [9] involving intramolecular proton transfer
not the carbonyl oxygen but to the second and free
hydroxy group (X 5 O) followed by intramolecular
H2X displacement (H2O for a,b-diols, H2S for a,b-
dithiols, and NH3 for a,b-diamines) with the anchi-
meric assistance of the neighboring acyl group.
For the other products (Figure 1a), m/z 134 is the
intact adduct and m/z 90 is likely formed by dehydra-
tion [6b, c] (Scheme 2, X 5 O).
HS–CH2CH2–SH and H2N–CH2CH2–NH2. a-Dithiols
and a-diamines provide suitable models to test the
mechanism of acylium ion ketalization (Scheme 1).
With the prototype a-dithiol HS–CH2CH2–SH (Figure
1b), 1 forms the intact adduct of m/z 166 and, as for
dehydration of HO–CH2CH2–OH, the H2S-abstraction
[6c] product of m/z 106 (Scheme 2, X 5 S). By ketaliza-
tion, and according to the two alternative mechanisms
depicted in Scheme 1 (X 5 S), 1 could react with
HS–CH2CH2–SH via either H2O or H2S loss, or both.
Figure 1b shows, however, that ketalization yields
exclusively m/z 132 via H2S loss, and that none of the
alternative H2O-loss product of m/z 148 is formed.
Similarly, NH3-loss ketalization that forms m/z 115
(Figure 1c) dominates when 1 reacts with the prototype
a-diamine H2N–CH2CH2–NH2 (Scheme 1, pathway ii,
X 5 NH).
These findings confirm therefore the mechanism of
acylium ion ketalization with neighboring acyl group
participation (Scheme 1, pathway ii), as initially pro-
posed [9]. Reactions proceeding through mechanisms
involving neighboring group participation are common
in the gas phase [17], and a mechanism of anchimeric
assistance similar to that of acylium ion ketalization [9]
has been recently postulated for the reaction of cyclic
phosphenium ions with trans-1,2-diaminocyclohexane
[18].
For reactions with H2N–CH2CH2–NH2 (Figure 1c),
owing to the high proton affinity of diamines [19], the
protonated molecule MH1 of m/z 61 and the corre-
sponding proton bound dimer M--H1--M (M2H
1) of
m/z 121 are also readily formed. Note that proton
transfer may occur, owing to multiple collision condi-
tions, either directly from 1 or by secondary reactions
with the nascent ketalization product of m/z 115 (a
protonated form of 2-dimethylamino-4,5-dihydro-ox-
azole), or from both.
CH3O–CH2CH2–OCH3. Acylium ions should fail to
react by ketalization with diethers because the reaction
is expected to be blocked by a high energy barrier
normally observed for intramolecular methyl transfer
(Scheme 3) [17f]. Accordingly, 1 forms no ketalization
product with the prototype a-diether CH3O–CH2CH2–
OCH3, and the intact adduct of m/z 162 dominates
(Figure 1d).
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a-Alcoholethers, a-Aminoalcohols, and their
Sulfur Analogs
These bidentate compounds are suitable models to test
site selectivity in acylium ion ketalization, and some
representative, prototype compounds have been tested.
RO–CH2CH2–OH. From its reactivity with HO–
CH2CH2–OH (Figure 1a) and CH3O–CH2CH2–OCH3
(Figure 1d), 1 is expected to react with CH3O–
CH2CH2–OH and C2H5O–CH2CH2–OH either (i) by
ROH-loss ketalization or (ii) via RO acylation to form a
stable adduct, or via both pathways. But ketalization
dominates (Table 1, see also Figure 5 for 2-me-
thoxyethanol) and as expected, the same cyclic ionic
ketal of m/z 116 is formed predominantly from both
CH3O–CH2CH2–OH and C2H5O–CH2CH2–OH.
H2N–CH2CH2–OH. This prototype a-aminoalcohol
provides a suitable model to test competition between
acylium ion ketalization via H2O or NH3 loss (Scheme 4).
With H2N–CH2CH2–OH (Figure 2a), 1 reacts by both
ketalization pathways to form m/z 115 and 116. But
despite the higher nucleophilicity of amino groups as
compared with hydroxy groups, ketalization that forms
m/z 116 via the HO-acylated adduct and NH3-loss
largely dominates. The predominance of m/z 116 indi-
cates therefore fast interconversion between the H2N-
and HO-acylated adducts via intramolecular acylium
Table 1. Major product ions formed in reactions of the acylium ion (CH3)2N–C
1¢O (Ac1) of m/z 72 with a,b-diols and analogs (M).
Some product ion mass spectra are shown as figures; see text.
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ion transfer (Scheme 4), as recently observed in related
systems [20], and that the exit channel for ketalization
via NH3 loss is kinetically favored, as observed for NH3
loss from protonated a,b-aminoalcohols [17b]. As for
H2N–CH2CH2–NH2, the high proton affinity [19] of
H2N–CH2CH2–OH favors formation of MH
1 of m/z 76
and M2H
1 of m/z 123.
HS–CH2CH2–OH. This prototype a,b-dithiol provides
a model to test acylium ion ketalization via H2O versus
H2S loss. In reactions with 1, only H2O-loss ketalization
(m/z 132) occurs, but to a very limited extent (Table 1).
As compared to HO–CH2CH2–OH (Figure 1a), OH by
SH replacement greatly favors dehydration [6b, c] of
HO–CH2CH2–SH, and m/z 90 (Scheme 2) is formed
predominantly.
CH3S–CH2CH2–OH. The reactivity of 1 with CH3S–
CH2CH2–OH is unique (Table 1), and when compared
with that of CH3O–CH2CH2–OH, it also exemplifies the
drastic effect of SH replacement of OH. With CH3O–
CH2CH2–OH, 1 reacts nearly exclusively by ketalization
(Table 1, see also Figure 5); with the S-analog CH3S–
CH2CH2–OH, 1 reacts nearly exclusively by formal
hydroxide abstraction to form (M 2 OH)1 of m/z 75,
Figure 1. Double-stage (MS2) product ion mass spectra for
reactions of the acylium ion (CH3)2N–C
1¢O of m/z 72 with (a)
1,2-ethanediol, (b) 1,2-ethanedithiol, (c) 1,2-diaminoethane, and
(d) 1,2-dimethoxyethane. M represents the neutral and Ac1 the
acylium ion. The products marked in (b) correspond to (M 2
SH)1 of m/z 61 and [(M 2 SH)M 2 H2S]
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and subsequently (M 2 OH)M1 of m/z 167. Ketaliza-
tion of 1 with CH3S–CH2CH2–OH that would proceed
via HO acylation, intramolecular proton transfer, and
CH3SH loss is probably suppressed due to rapid disso-
ciation of the HO-acylated adduct. Likely, this dissoci-
ation is facilitated by neighboring SCH3 group partici-
pation in a reaction that forms the relatively stable
cyclic episulfonium ion [21] of m/z 75 (Scheme 5).
b-Diols and Analogs
HO–CH2CH2CH2–OH and H2N–CH2CH2CH2–NH2. In-
creasing the interfunctional separation of diols and
analogs from a to b cause no major change in reactivity.
As for reactions with HO–CH2CH2–OH (Figure 1a) and
H2N–CH2CH2–NH2 (Figure 1c), 1 reacts by ketalization
with HO–CH2CH2CH2–OH and H2N–CH2CH2CH2–
NH2 to form, after water or amonia loss, the corre-
sponding six-membered ring ionic ketals of m/z 130 and
129 (Scheme 6, Table 1).
H2N–CH2CH2CH2–OH. The preference for NH3-loss
ketalization of 1 with H2N–CH2CH2–OH (Figure 2a) is
also observed in reactions with its b-homolog H2N–
CH2CH2CH2–OH (Figure 2b): NH3-loss ketalization
(m/z 130) that yields m/z 130 largely dominates over
H2O-loss ketalization that yields m/z 129 (Scheme 7).
Scheme 4
Figure 2. Double-stage (MS2) product ion mass spectra for
reactions of the acylium ion (CH3)2N–C
1¢O of m/z 72 with (a)
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CH3O–CH(CH3)CH2CH2–OH and H2N–CH2CH2CH2–
OCH3. As for reactions with their a-homologs, 1 reacts
with CH3O–CH(CH3)CH2CH2–OH and H2N–
CH2CH2CH2–OCH3 preferentially by CH3OH-loss ket-
alization, hence the corresponding six-membered ring
ionic ketals of m/z 144 and 129 (see structures below) are
formed exclusively (Table 1).
CH3S–CH2CH2CH2–OH. As with CH3S–CH2CH2–OH,
1 reacts with the b-homolog CH3S–CH2CH2CH2–OH
mainly by hydroxide abstraction to form (M 2 OH)1 of
m/z 89 (Table 1). Via HSCH3 loss and to a minor extent,
ketalization of 1 with CH3S–CH2CH2CH2–OH also oc-
curs likely forming the six-membered 1,3-dioxanylium
cyclic ionic ketal of m/z 130 (Table 1).
H3CO–CH2CH(CH3)–OH and HO–CH(CH3)CH2CH(CH3)–
OH. As suggested by the reactivity of CH3O–
CH2CH(CH3)–OH and HO–CH(CH3)CH2CH(CH3)–OH
(Table 1), little or no ketalization occurs when 1 reacts
with a,b-diols (and analogs) bearing OH groups
bonded to secondary carbons. Acylation at such OH
groups favors hydroxide or water abstraction, or both
(Table 1).
Guaiacol. With guaiacol, 1 forms predominantly the
intact adduct of m/z 196 (Table 1). The HO-acylated
adduct and subsequently the correct protonated species
are likely formed either directly or via equilibrium
reactions, but ketalization is suppressed owing to dis-
favored substitution on an aromatic sp2 carbon (Scheme
8).
HO–CH2CH(OH)CH2–OCH3. An interesting and more
complex model for site selectivity in acylium ion ketal-
ization is provided by 3-methoxy-1,2-propanediol
(Scheme 9), a prototype for carbohydrate synthesis [22].
As for CH3O–CH2CH2–OCH3, and owing to blocked
methyl cation transfer, ketalization should fail to pro-
ceed via the CH3O-acylated adduct (pathway c). Acy-
lation at either hydroxy group (pathways a and b) could
proceed by intramolecular proton transfer either (i) to
the second and free hydroxy group followed by H2O
displacement (pathways a2 and b1) to form in both cases
the same five-membered ring ionic ketal of m/z 160; or
(ii) to the methoxy group followed by methanol loss
(pathways a1 and b2) to form isomeric products of m/z
146, that is, a five- or a six-membered ring ionic ketal, or
(iii) from both pathways.
When 1 reacts with 3-methoxy-1,2-propanediol, little
of the intact adduct of m/z 178 is formed, and the
expected ketalization products of m/z 160 and 146
(Figure 3a) dominate. The product ion of m/z 160 is
likely, therefore, the single five-membered ring ionic
ketal predicted in Scheme 9 (pathways a2 or b1),
whereas m/z 146 may display either a five-membered
(pathway b2) or a six-membered (pathway a1) ring ionic
ketal structure, or both. As evidenced by MS3 experi-
ments (Figure 3b, c, see discussion in the MS3 section that
Scheme 8
Scheme 9
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follows), CH3OH-loss ketalization of 1 with 3-methoxy-
1,2-propanediol proceeds via both pathways, and a mix-
ture of the two isomeric m/z 146 products is formed.
Reactions of Ph–C15O (4, see the following section)
with 3-methoxy-1,2-propanediol show similar results
(spectra not shown): the two ketalization products of
m/z 179 (100% relative abundance) and m/z 193 (72%)
are formed abundantly (compare with Figure 3a); m/z
179 dissociates in a MS3 experiment mainly to m/z 123
(the analog of m/z 90), m/z 105 (the reactant ion) and m/z
57 (compare with Figure 3b), whereas m/z 193 dissoci-
ates exclusively to m/z 71 (compare with Figure 3c).
Acylium Ions
Table 2 lists the major products formed when the
acylium ions 2–7 and the thioacylium ion 8 react with
2-methoxyethanol, whereas Figure 4 shows some char-
acteristic examples of their product ion mass spectra.
Even-electron acylium ions. Similarly to 1 (Table 1), the
acylium ions 2 (Table 2), 3 (Figure 4a), and 4 (Figure 4b)
react readily with 2-methoxyethanol by ketalization.
For 2 (a protonated form of ketene), the proton transfer
(MH1, m/z 77) and formal hydride abstraction products
{(M 2 OH)1 of m/z 59 and 103 [23]} are also abundant.
The “diacylium ion” O¢C¢N1¢C¢O (5) was recently
shown to react readily by both mono- and double-
transacetalization with 2-methyl-1,3-dioxolane [24],
hence 5 could also react by mono- and double-ketaliza-
tion. But with 2-methoxyethanol, 5 reacts to form little
of the mono-ketalization product of m/z 114 (Table 2)
and none of a possible double-ketalization product of
m/z 158.
Figure 3. (a) Double-stage (MS2) product ion mass spectrum for
reactions of the acylium ion (CH3)2N–C
1¢O of m/z 72 with
3-methoxy-1,2-propanediol. Triple-stage (MS3) sequential product
ion mass spectra of the (b) m/z 146 and (c) m/z 160 product ions.
Table 2. Major product ions formed in reactions of acylium and thioacylium ions (Ac1) with 2-methoxyethanol (CH3O–CH2CH2–
OH, M, 76u). Some product ion mass spectra are shown as figures; see text.
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Odd-electron distonic [25] acylium ions. These ions dis-
play two spatially separated, and potentially reactive
sites: an electron deficient radical site and a chemically
unsaturated positively charged acylium site [26]. The
two distonic acylium ions 6 (Table 2) and 7 (Figure 4c)
react with 2-methoxyethanol readily (and preferen-
tially) by ketalization at the acylium charge site to form
members of a new class of distonic ions: distonic cyclic
ketals [27]. Ketalization (as well as transacetalization
[27]) identifies therefore the subcategory of distonic
ions with reactive acylium charge sites.
Thioacylium ions. The reactivity of the thioacylium ion
8 differs from that of its oxygen analog 1. With 2-me-
thoxyethanol, 1 reacts readily by ketalization (Table 1,
Figure 5) but 8 forms mainly the intact adduct of m/z
164 (Table 2). Ketalization occurs, however, when the
intact adduct of m/z 164 is activated by 15 eV collisions
with argon. The MS3 spectra of m/z 164 (not shown)
displays: (i) the expected CH3OH-loss ketalization
product of m/z 132 (100% relative intensity, see the
structure below); (ii) the characteristic fragment of the
cyclic ionic ketal of m/z 132, that is, the acylium ion 1 of
m/z 72 (16%) formed via sulfur-by-oxygen replacement
(8 to 1) [8c] promoted by CID-induced ketalization
followed by CID of the cyclic ionic ketal; (iii) the
reactant thioacylium ion, 8 of m/z 88 (74%); (iv) the
dehydration product of m/z 106 (8 1 H2O, 8%); and (v)
the hydroxy abstraction product (M 2 OH)1 of m/z 59
(76%).
Structural Analysis
MS3. Figure 5 displays a triple stage (MS3) intermedi-
ate product domain [10] mass spectrum for reactions of
1 with 2-methoxyethanol. As seen along the dashed
diagonal line in which product ions appear (m/zQ3 5
m/zQ5), 1 of m/z 72 reacts readily and nearly exclusively
with 2-methoxyethanol to form the cyclic ionic ketal of
m/z 116, an ion that fails to react further with 2-me-
thoxyethanol. In great contrast with the very reactive
acylium ions, cyclic ionic ketals have been found to be
chemically inert species [7–9].
Then, as seen along the Q5 horizontal axis, CID of
m/z 116 reforms exclusively the acylium ion of m/z 72,
that is, CID efficiently releases the acylium ion from its
cyclic ionic ketal form (Scheme 10). Hence, just as
condensed-phase ketalization chemically deactivates
and further hydrolysis efficiently releases carbonyl
compounds from their neutral ketal forms, gas-phase
ketalization chemically deactivates and further CID
efficiently releases acylium ions from their cyclic ionic
ketal forms.
The MS3 spectra of the cyclic ionic ketals show that
they often dissociate exclusively or nearly exclusively
upon CID to reform the corresponding acylium ion.
Figure 5. Triple-stage (MS3) intermediate product domain mass
spectrum for reactions of the acylium ion (CH3)2N–C
1¢O with
2-methoxyethanol, and on-line CID of product ions. Reaction
products (and the partially consumed reactant ion) are displayed
along the diagonal dashed line in which equal masses in both Q3
and Q5 are selected, whereas 15 eV CID fragments of reaction
products are displayed along the horizontal Q5 axis. Note the high
ketalization reactivity of (CH3)2N–C
1¢O: it forms almost exclu-
sively the cyclic ionic ketal of m/z 116, and the high yield for the
reforming of (CH3)2N–C
1¢O of m/z 72 upon CID of m/z 116.
Figure 4. Double-stage (MS2) product ion mass spectra for
reactions with 2-methoxyethanol of (a) the acylium ion CH2¢CH–
C1¢O of m/z 55, (b) the acylium ion Ph–C1¢O of m/z 105, and (c)
the distonic acylium ion CH2¢CH(C
1¢O)CH2
† of m/z 68. The
marked products correspond to (M 2 OH)1 of m/z 59 and [(M–
OH)M–CH3OH]
1 of m/z 103, see [23].
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Notable exceptions to this general trend were observed
for the cyclic ionic ketals formed in reactions of 1 and 4
with 3-methoxy-1,2-propanediol. The analog five-mem-
bered ring ionic ketals of m/z 160 (Scheme 9) and m/z
193 dissociate exclusively not to reform 1 of m/z 72 or 4
of m/z 105, but to form the fragment ion of m/z 71
(Figure 3c). A mechanism that accounts for this peculiar
dissociation is depicted in Scheme 11.
The cyclic ionic ketals of m/z 146 (Scheme 9) and m/z
179 dissociate to three main fragments: m/z 146 forms
m/z 90, 72, and 57 (Figure 3b) and m/z 179 forms m/z 123,
105, and 57. The common fragment of m/z 57 is likely a
lower homolog of m/z 71 (Scheme 11), and therefore m/z
57 likely originates from the five-membered ring ionic
ketals (pathway a2, Scheme 9). The fragments of m/z 72
(1) and m/z 105 (4) are likely the reactant acylium ions;
those of m/z 90 and m/z 123 are likely the “hydrated”
acylium ions (1 1 H2O)
1 and (4 1 H2O)
1, and their
formations are rationalized in Scheme 12. Since m/z 72
and m/z 105 correspond to the general dissociation
behavior of cyclic ionic ketals, and since these frag-
ments are not observed for the five-membered ring
ionic ketals of m/z 146 and 193, they likely originate
from the isomeric six-membered ring ionic ketal (path-
way a1, Scheme 9). Therefore, m/z 146 and 179 are
probably composed of a mixture of the isomeric five-
and six-membered ring ionic ketals.
18O-labeling. In reactions with 2-methoxyethanol,
when CH3–C
1¢16O is replaced by its 18O-isotopomer
CH3–C
1¢18O, the ketalization product shifts two Thom-
son units [28] higher, that is, from m/z 87 (Table 2) to 89
(Figure 6). This shift confirms therefore that the oxygen
from the acylium ion is incorporated into the ionic ketal
product via the mechanism of ketalization shown in
Scheme 1, pathway (ii). When activated by collisions,
the ketalization product of m/z 89 dissociates to both the
labeled and unlabeled ions and to nearly the same extents
(Figure 6b). This finding proves the cyclic structure of
the ketalization product expected from the oxygen-





Figure 6. (a) Double-stage (MS2) product ion mass spectrum for
reactions of the 18O-labeled acylium ion CH3–C
1¢18O of m/z 45
with 2-methoxyethanol. (b) Triple-stage (MS3) sequential product
ion mass spectrum of m/z 89.
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Structural Analysis
Regioisomers. The reactivity of 1 so far discussed re-
veals the potential of acylium ion ketalization to differ-
entiate regioisomers of many diols and their analogs.
Thus, whereas 1 reacts with C2H5O–CH2CH2–OH to
form an abundant ketalization product of m/z 116 via
C2H5OH loss, and whereas 1 nearly fails to react by
ketalization with CH3O–CH2CH(CH3)–OH (OH
bonded to a secondary carbon), forming in both cases
no adducts (Table 1), 1 reacts with CH3O–CH2CH2–
OCH3 to form the intact adduct of m/z 162 exclusively
(Figure 1d). With the isomeric pair CH3O–CH2CH2–OH
and HO–CH2CH2CH2–OH, 1 reacts to form the respec-
tive ketalization products of m/z 116 (CH3OH loss) or
m/z 130 (H2O loss) to great extents. Note also the
structural information provided, for instance, by H2O
loss for HO–CH2(CH2)n–OH, ROH loss for RO–
CH2(CH2)n–OH, and no ROH loss for RO–CH2(CH2)n–
OR, and the possible expansion of this structural test to
other related cases such as the monitoring of either
NH3, NH2R, or NHR2 loss for ketalization with isomeric
diamines.
Diastereomers. Its singular mechanism of anchimeric
assistance (Scheme 2, pathway ii) with the participation
of the neighboring acyl group impart to acylium ion
ketalization a potential to differentiate diastereomers
because only trans isomers should react efficiently due
to favored backside displacement. To test this potenti-
ality, 1 was reacted with both cis and trans-1,2-diami-
nocyclohexane. Neither isomer form the intact adduct
of m/z 186; the trans isomer (Figure 7a) forms readily the
NH3-loss ketalization product of m/z 169 (Scheme 13),
whereas the cis isomer (Figure 7b), as expected, is inert
toward ketalization, reacting exclusively by proton
transfer (m/z 115).
Sequential product ion mass spectrum shows that
m/z 169 dissociates upon CID mainly to reform the
reactant ion 1 of m/z 72 (100%), as do most cyclic ionic
ketals, but the bicyclic structure of m/z 169 also favors a
second dissociation pathway to m/z 89 (17%). A mech-
anism that accounts for this dissociation is proposed in
Scheme 14.
Ab initio Calculations
Figures 8 and 9 show potential energy surface diagrams
for two model acylium ion ketalization reactions: of
CH3–C
1¢O (2) with 2-methoxyethanol and 2-amin-
oethanol.
HO–CH2CH2–OCH3. Owing likely to extra stabiliza-
tion provided by intramolecular hydrogen bonding,
acylation by 2 at the hydroxy group of 2-methoxyetha-
nol is slightly more thermodynamically favored (230.3
kcal/mol) than that at the methoxy group (228.9 kcal/
mol, Figure 8). HO acylation then proceeds downhill
through a very shallow barrier for OH to OCH3 in-
Figure 7. Double-stage (MS2) product ion mass spectra for
reactions of the acylium ion (CH3)2N–C
1¢O of m/z 72 with (a)
trans and (b) cis-1,2-diamino cyclohexane. (CH3)2N–C
1¢O reacts
by ketalization only with the trans diastereomer to form m/z 169.
Scheme 13
Scheme 14
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tramolecular proton transfer (transition state calcula-
tions for the intramolecular proton transfers indicate
very low barriers or nearly barrierless processes), and
intermediate c lies 250.5 kcal/mol lower in energy. In
great contrast, the alternative ketalization pathway via
CH3O acylation followed by intramolecular methyl
transfer (that would form the same ketalization product
d) is hampered by a transition state (TSb,c) that lies
116.8 kcal/mol above the reactants.
Ketalization of 2 with HO–CH2CH2–OCH3 is pre-
dicted, therefore, to proceed exclusively via a 3 c 3 d
with intramolecular CH3OH displacement, a reaction
pathway that is both kinetically (TSc,d lies 220.3 kcal/
mol below the reactants) and thermodynamically fa-
vored, overall exothermic by 231.7 kcal/mol.
HO–CH2CH2–NH2. As expected from the higher nu-
cleophilicity of amino groups, formation of the H2N-
acylated adduct g is considerably more thermodynam-
ically favored (246.7 kcal/mol) than that of the HO-
acylated adduct 3 (233.8 kcal/mol, Figure 9). As
expected from the higher proton affinity of amino vs.
hydroxy groups [19], ketalization from e proceeds
downhill via favored HO1-to-NH2 intramolecular pro-
ton transfer, and f is formed in an overall 250.8
kcal/mol process. Then, ketalization is completed by
intramolecular NH3 displacement to form d in an
overall 231.4 kcal/mol process, and via a transition
state (TSf,d) that lies 227.7 kcal/mol below the reac-
tants.
From g, ketalization proceeds uphill to h via disfa-
vored H2N
1-to-OH intramolecular proton transfer
forming i in an overall 250.6 kcal/mol exothermic
process and via intramolecular H2O displacement
through a transition state (TSh,i) that lies 224.6 kcal/
mol below the reactants.
Therefore, for ketalization of acylium ions with
a-aminoalcohols, H2O loss is the thermodynamically
favored pathway, whereas NH3 loss is the kinetically
favored pathway because the final H2X displacement
step is rate limiting. In the reaction conditions of the
quadrupole collision cell, NH3-loss ketalization (m/z
1116) dominates over H2O-loss ketalization (m/z 115,
Figure 2a); hence the reaction occurs under kinetic
control. Additionally, because none of the H2N-acylated
adduct is observed (the most stable adduct, g), rapid
interconvertion of g to e is likely to occur via intramo-
lecular acylium ion transfer.
Note that the conventional ketalization mechanism
(Scheme 2, pathway (i)) is probably suppressed by a
high-energy, four-membered ring transition state for
the intramolecular 1,3-proton transfer as opposed to the
nearly barrierless, 1,5-proton transfer involved in path-
way (ii) via a favored five-membered ring transition
state (Figure 8). For a recent discussion on related
systems, see [29].
Conclusion
As indicated by MS2 and MS3 experiments 18O-labeling,
and ab initio calculations, gaseous acylium ions react
readily and exothermically by ketalization with a,b-
diols and their mono and diamino, dithio, and mo-
noether analogs to form cyclic ionic ketals via a mech-
Figure 9. MP2/6-311G(d,p)//6-311G(d,p) 1 (0.89) ZPE poten-
tial energy diagram for reactions of the acylium ion CH3–C
1¢O
with 2-aminoethanol. Energies are given in kcal/mol. Transition
state calculations for intramolecular proton transfer indicated very
low barriers or nearly barrierless processes. The transition states
TSh,i (2367.0 cm
21) and TSf,d (2566.4 cm
21) were characterized
by the indicated imaginary frequencies. The electronic and ZPE
energies of the species are (in hartrees): 2-aminoethanol
(2209.85221, 0.10517), 2 (2152.55871, 0.04776), e (2362.46934,
0.15794), f (2362.49876, 0.16107), d (2306.05381, 0.11763), g
(2362.49150, 0.15981), h (2362.45765, 0.15908), i (2286.23009,
0.131439), water (276.26326, 0.02308), ammonia (256.40836,
0.03657), TSh,i (2362.45848, 0.15669), and TSf,d (2362.45232,
0.15544).
Figure 8. MP2/6-311G(d,p)//6-311G(d,p) 1 (0.89) ZPE poten-
tial energy diagram for reactions of the acylium ion CH3–C
1¢O
with 2-methoxyethanol. Energies are given in kcal/mol. Transi-
tion state calculations for intramolecular proton transfer indicated
very low barriers or nearly barrierless processes. The transition
states TSb,c (2355.4 cm
21) and TSc,d (2474.1 cm
21) were charac-
terized by the indicated imaginary frequencies. The electronic and
ZPE energies of the species are (in hartrees): methoxyethanol
(2268.87725, 0.12147), 2 (2152.55871, 0.04776), a (2421.48860,
0.17907), b (2421.48671, 0.17451), c (2421.52176, 0.17528), d
(2306.05381, 0.11763), methanol (2115.43550, 0.05485) TSb,c
(2421.409445, 0.16958), and TSc,d (2421.49077, 0.17035).
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anism of anchimeric assistance with neighboring acyl
group participation that differs from the conventional
ketalization mechanism of carbonyl compounds. For
a,b-aminoalcohols, water loss is favored over amonia-
loss ketalization; for a,b-alcoholethers, alcohol loss is
favored over water-loss ketalization; for a,b-diethers,
ketalization is blocked by an energetic intramolecular
methyl cation transfer, and the intact adduct is formed;
for monothioanalogs and for diols bearing OH groups
bonded to secondary carbons, acylium ion ketalization
is disfavored, and hydroxy or water abstraction domi-
nates. Acylium ions chemically deactivated as cyclic
ionic ketals are reformed often exclusively by CID;
hence, just as condensed-phase ketalization chemically
deactivates, and further hydrolysis efficiently releases
carbonyl compounds from their neutral ketal forms,
gas-phase ketalization chemically deactivates, and fur-
ther CID efficiently releases acylium ions from their
cyclic ionic ketal forms.
Acylium ion ketalization often identifies and struc-
turally characterizes even- and odd-electron distonic
acylium ions, and the neutral reactants. For the neutral
diols and analogs, this strategy can be expanded to
synthetically and biologically relevant molecules for
which hydroxy, amino, and ether linkages are common
functional groups. Regioisomers and particularly cis
and trans diastereomers can be distinguished by their
structurally related ketalization reactivity which, owing
to backside displacement, should be restricted to trans
diastereomers.
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